Introduction {#S0001}
============

Alpha-1-antitrypsin (AAT) is a glycoprotein and acute-phase protein that is a member of the serine proteinase inhibitor family. Inhibiting the action of proteolytic enzymes (especially neutrophil elastase) is the primary role of AAT in all tissues, including lung parenchyma and the arterial wall.[@CIT0001] This function impedes excessive degradation of elastin and collagen fibers in extracellular matrix and inflammatory cascades that result in inflammation-associated tissue remodeling.[@CIT0002],[@CIT0003] Severe alpha-1-antitrypsin deficiency (AATD), phenotype PiZZ, is an autosomal, co-dominant hereditary condition and a strong risk factor for developing chronic obstructive pulmonary disease (COPD), more specifically panacinar emphysema.[@CIT0001] AATD leads to polymerization of the AAT molecule in the liver cells, leading to its accumulation within the hepatocytes, which also leads to an increased risk of liver disease.[@CIT0004],[@CIT0005] AATD has also been implicated in the pathogenesis of several non-respiratory diseases such as systemic vasculitis, necrotizing panniculitis, and various inflammatory and neoplastic conditions.[@CIT0006],[@CIT0007]

The effect of severe AATD on the risk of developing cardiovascular diseases is unclear. From the broad biological activity of AAT, its genetic deficit could be an independent determinant of cardiovascular effects. Previous reports on such an association have been conflicting.[@CIT0008]--[@CIT0013] The potential causal relation between AATD and risk of ischemic heart disease (IHD) is important because the prevalence of AATD varies within the European population from 1 in 1500 to 1 in 3500, and because IHD is the leading cause of morbidity and mortality worldwide, with an increased risk in patients with COPD.[@CIT0014]--[@CIT0016]

The aim of this study was to determine whether individuals with severe AATD included in the Swedish national AATD register, are at increased risk of developing ischemic heart disease when compared with controls from the general population with known smoking habits.

Methods {#S0002}
=======

This was a longitudinal, national, register-based study comparing individuals with severe AATD with randomly selected, population-based controls.

The Study Population and Data Collection {#S0002-S2001}
----------------------------------------

### AATD Individuals {#S0002-S2001-S3001}

The AAT-deficient individuals were identified using the Swedish National AATD Register.[@CIT0017] Inclusion criteria to the register are the age of 18 years a minimum, severe AATD (phenotype PiZZ) and written, informed consent. More than 95% of the AATD patients identified in Sweden agree to participate in the register. The reasons for the analysis of plasma proteins leading to the diagnosis of AAT deficiency are the following: any respiratory disease and/or symptoms, liver disease, the results of family or population screening and other diseases. The subgroup "other diseases" includes renal diseases, joint symptoms, repeated infections other than respiratory tract infection, high sedimentation rate, or other signs and symptoms for which plasma protein analysis has been performed as part of the clinical investigation.

After inclusion in the AATD register, clinical examination, blood samples, including liver function tests and lung function tests, are performed at the patient's home clinic/hospital, and the results are reported by the attending physician to register by means of a questionnaire every 2 years.

### Population-Based Controls {#S0002-S2001-S3002}

The controls were selected from three population-based cohorts within the epidemiological research program, the Obstructive Lung disease in Northern Sweden (OLIN) studies, as previously described in detail.[@CIT0018] The control cohorts consisted of randomly selected adults from the population register for the northern part of Sweden, invited to participate in postal questionnaire surveys in 1992 (n=4851, aged 20--69 years), in 1996 (n=7420, 20--70 years) and in 2006 (n=6165, 20--69 years).[@CIT0019],[@CIT0020] The response rates were 85%, 85% and 77%, respectively. The questionnaire included questions on smoking habits, respiratory diseases and symptoms. Smoking habits were divided into never-smoking, ex-smoking (quitted smoking at least 12 months previously) and current smoking. Ever-smokers were defined as ex-smokers or current smokers.

PiZZ subjects have been included in the AATD register continuously since 1991, and the OLIN study included three cohorts at different time points. Thus, we randomly selected 2000 subjects from each of the OLIN cohort; a total of 6000 controls. One control was excluded due to an incorrect Swedish personal identification number. Vital status was obtained from the Swedish National Register of Causes of Death.

Data on diagnoses of ischemic heart disease and other conditions were obtained from the Swedish National Patient Register (SNPR). The SNPR covers more than 99% of all hospitalizations since 1987 and about 80% of all hospital-based outpatient care since 2001 nationwide, including at outpatient clinics for cardiology.[@CIT0021]

Diagnoses were coded according to the 9th (before 1996) and 10th WHO International Classification of Disease (ICD) system. ICD codes were categorized as (ICD-9; ICD-10): ischemic heart disease (IHD) (410--414; I20-I25) including angina pectoris (413; I20), acute myocardial infarction (410; I21), subsequent myocardial infarction (411; I22), certain current complications following acute myocardial infarction (412; I23), other acute ischemic heart diseases (411; I24) and chronic ischemic heart disease (414; I25); hyperlipidemia (272.4; E78.5); hypertension (401--405; I109, I12-I15); diabetes mellitus (250; E10-E15). Diagnosis of COPD was also based on ICD codes (490--496; J449).

Ethical Considerations {#S0002-S2002}
----------------------

The AAT register and the OLIN studies were approved by the Regional Ethical Review Board, Lund, Sweden, the Ethical Review Board at Umeå University and by the Swedish Data Inspection Board. All participants provided informed, written consent. This study was approved by the Regional Ethical Review Board, Lund, Sweden (Dnr 2014/427).

Statistical Analysis {#S0002-S2003}
--------------------

The primary study endpoint was a new onset of IHD (incident IHD). Patients who had IHD or had undergone lung transplantation before inclusion in the study were excluded, to yield the population at risk (PAR). Baseline data were tabulated using frequencies and percentages of categorical variables and means with standard deviation (SD) for normally distributed, continuous variables. Comparisons of continuous variables with normal distribution were analyzed using ANOVA.

All participants were followed from the date of inclusion in the AAT register or the OLIN studies (baseline) to the date of the first onset of IHD during follow-up, the date of lung transplantation, the date of death, or study end (January 1, 2015).

Cox regression was performed to evaluate risk factors of developing incident IHD as events and were expressed as hazard ratios (HR) with 95% confidence intervals (CI).

The model was adjusted for risk factors at inclusion: age, gender, smoking status and the presence of COPD, hypertension, hyperlipidemia and diabetes.

Adjusted Cox analyses were also performed separately in ever-smokers and non-smokers, as well as for patients with or without COPD. Statistical significance was defined as a two-sided p \< 0.05. Statistical analyses were performed with the Statistical Package for the Social Sciences (SPSS), version 24.0 (IMB Corp, Armonk, NY, USA).

Results {#S0003}
=======

By January 2015, a total of 1595 AAT-deficient individuals had been included in the AATD register. We excluded 10 individuals with a previous lung transplant and 40 individuals with a history of IHD, leaving a population at risk (PAR) in total of 1545 PiZZ individuals. Of the initial 5999 controls, 116 were excluded due to IHD at baseline, leaving a PAR of 5883 controls. The clinical characteristics of the study population at inclusion are shown in [Table 1](#T0001){ref-type="table"}. The controls were significantly younger than the AAT-individuals. The median follow-up time was 16 (range 0.2--23) years.Table 1Clinical Characteristics of the Population at Risk for Individuals with Severe Alpha-1-Antitrypsin Deficiency and for Population-Based Controls at InclusionPiZZ N=1545Controls N=5883P-valueMen, n (%)768 (50)2977 (50)0.540Age in years, mean (± SD)47 (± 17)45 (±14)\<0.001Smoking habits Current smokers, n (%)130 (8)1528 (26)\<0.001 Ex-smokers, n (%)702 (46)1240 (21) Never-smokers, n (%)713 (46)3115 (53)Follow-up time in years, median (range)11 (0.2--23)18 (0.2--23)\<0.001Deaths, n (%)510 (33)733 (12)\<0.001[^1]

At inclusion, 46% of the PiZZ individuals and 4% of the controls had a diagnosis of COPD. There was no significant difference in the prevalence of hypertension, diabetes mellitus or hyperlipidemia between the PiZZ individuals and the controls. The difference was also insignificant in the smoking subgroups ([Table 2](#T0002){ref-type="table"}).Table 2Prevalence of Comorbidities at Inclusion for the PiZZ Individuals and the Controls; in the Total Population and Stratified by Smoking HabitsAllEver-SmokersNever-SmokersPiZZ N=1545Controls N=5883P valuePiZZ n=832Controls n=2768P valuePiZZ n=713Controls n=3115P valueHypertension63 (4)184 (3)0.06733 (4)100 (4)0.6730 (4)84 (3)0.052Diabetes mellitus30 (2)95 (2)0.37019 (2)55 (2)0.5811(2)40 (1)0.59Hyperlipidemia24 (2)52 (1)0.07014 (2)23 (1)0.0510 (1)29 (0.9 %)0.30COPD711 (46)219 (4)\<0.001539 (65)148 (5)\<0.001172 (24)71 (2)\<0.001[^2]

Incidence of IHD {#S0003-S2001}
----------------

In the AATD group, 123 (8%) subjects developed incident IHD during the follow-up, yielding an incidence rate of 6.9 (95% CI 5.7--8.28) per 1000 person-years. Among the controls, 690 (12%) developed IHD during the follow-up, corresponding to an incidence rate of 8.0 (95% CI 7.4--8.6) per 1000 person-years. The cumulative incidence of IHD in the individuals with severe AATD and the controls is shown in [Figure 1](#F0001){ref-type="fig"}.Figure 1Cumulative incidence of ischemic heart disease in individuals with severe alpha-1-antitrypsin deficiency (PiZZ) and controls from the general population.

The incidence of IHD was higher in the ever-smoking controls compared with the ever-smoking PiZZ individuals (15% vs 9%; p \<0.001), while the difference between the never-smoking controls and never-smoking PiZZ individuals was not significant (9% vs 6%; p =0.108).

In multivariate analysis, AATD status, gender, age at inclusion, smoking habits and the presence of COPD, hypertension, diabetes and hyperlipidemia were all independent risk factors for incident IHD ([Table 3](#T0003){ref-type="table"}). The controls had a significantly higher risk of developing IHD than AAT-deficient individuals, adjusted hazard ratio (HR) of 1.8 (95% CI 1.4--2.3).Table 3Multivariate Analysis of Risk Factors for Incident Ischemic Heart Disease in the Total Study Population and in Stratified Analyses in AAT-Deficient Individuals and Controls from the General PopulationAllPiZZ IndividualsControlsVariablesHazard Ratio (95% CI)P-valueHazard Ratio (95% CI)P-valueHazard Ratio (95% CI)P-valueControls vs AATD1.8 (1.4--2.3)\<0.001--Male vs Female1.8 (1.6--2.1)\<0.0011.4 (0.9--2.0)0.0781.9 (1.6--2.2)\<0.001Age (per 1 year)1.1 (1.1--1.1)\<0.0011.1 (1.1--1.1)\<0.0011.1 (1.1--1.1)\<0.001Ever- vs non-smokers1.3 (1.1--1.5)\<0.0010.9 (0.7--1.5)0.9451.3 (1.1--1.5)\<0.001COPD, yes vs no1.7 (1.4--2.2)\<0.0012.1 (1.3--3.2)\<0.0101.8 (1.4--2.4)\<0.001Hypertension, yes vs no2.9 (2.2--3.7)\<0.0011.5 (0.7--3.1)0.2493.3 (2.5--4.4)\<0.001Diabetes, yes vs no1.9 (1.4--2.6)\<0.0012.9 (1.3--6.3)\<0.0101.7(1.2--2.5)\<0.010Hyperlipidemia, yes vs no3.9 (2.5--6.1)\<0.0016.6 (3.1--14.4)\<0.0013.3 (1.9--5.6)\<0.001[^3]

When the PiZZ individuals and the controls were analyzed separately, male sex, ever-smoking and hypertension were not associated with the risk of developing IHD in PiZZ individuals ([Table 3](#T0003){ref-type="table"}).

When an adjusted Cox analysis was performed separately for smoking subgroups, both ever- and never-smoking AAT-deficient individuals had a significantly lower risk of developing IHD than the controls ([Table 4](#T0004){ref-type="table"}).Table 4Multivariate Analysis of Risk Factors for Incident Ischemic Heart Disease (HR; 95% CI) in the Study Population as a Whole, Stratified by Smoking HabitsEver-Smokers N=3600Never-Smokers N=3828VariablesHazard Ratio (95% CI)P-valueHazard Ratio (95% CI)P-valueControls vs PiZZ2.1 (1.5--2.9)\<0.0011.5 (1.1--2.2)\<0.050Male vs Female1.7 (1.4--2.1)\<0.0011.9 (1.5--2.4)\<0.001Age (per 1 year)1.08 (1.07--1.09)\<0.0011.1 (1.1--1.1)\<0.001COPD, yes vs no1.8 (1.4--2.5)\<0.0011.6 (1.1--2.3)\<0.050Hypertension, yes vs no3.1 (2.1--4.2)\<0.0012.8 (1.9--4.2)\<0.000Diabetes, yes vs no1.7 (1.1--2.5)\<0.0102.6 (1.5--4.4)\<0.000Hyperlipidemia, yes vs no5.4 (3.1--9.4)\<0.0012.6 (1.3--5.3)\<0.010[^4]

As COPD is common among PiZZ individuals and might influence the risk of developing IHD, the adjusted association was analyzed separately in patients with COPD and those without COPD. The PiZZ individuals with COPD had a higher risk of developing IHD compared with the PiZZ individuals without COPD, with an unadjusted (crude) risk ratio (HR) of 10.0 (95% CI 5.2--19.2). The risk was still significantly higher after adjustment for potential confounders (gender, age at baseline, smoking habits and the presence of diabetes, hypertension and hyperlipidemia) with HR of 3.56 (95% CI 1.84--6.91). For controls with COPD, the unadjusted HR was 3.30 (95% CI 2.71--4.03) and the adjusted was RR 1.61 (95% 1.32--1.97).

Discussion {#S0004}
==========

This is the largest longitudinal study of individuals with severe AATD (PiZZ) to date and shows that PiZZ individuals have a lower risk of developing ischemic heart disease than the general population, independent of age, gender, smoking habits and comorbidities such as hypertension, diabetes mellitus and hyperlipidemia. The main finding of this study is that PiZZ status is independently associated with future IHD risk.

The results of our study are in accordance with our previous findings of reduced mortality due to IHD in individuals with severe AAT deficiency compared with the Swedish general population,[@CIT0022] in which similar results were found in both smoking and never-smoking PiZZ individuals. In that study, we were not able to compare the risk with that in smokers and never-smokers in the general population, because no data on individual smoking habits in the Swedish general population are available. In the present study, the controls were a random sample of subjects from the Swedish general population with known smoking habits, which allowed comparisons between the smoking subgroups.

One possible explanation for the lower risk of developing IHD in the AAT-deficient individuals than in the controls is that a low AAT-level may rather protect against than promote cardiovascular disease because the prevalence of predisposing factors/conditions for cardiovascular diseases, such as hypertension and hyperlipidemia are the same among AAT-deficient individuals and subjects in the general population. Another interesting hypothesis proposed for the reduced risk of IHD in AAT-deficient individuals is that a low serum concentration of AAT, or the Z mutation of the AAT molecule, may provide biochemical or genetic protection against IHD.[@CIT0023] Dichtl et al have shown that AAT deficiency leads to fewer cleaved fragments of AAT in atherosclerotic plaques and thereby reduces atherosclerotic inflammation, and risk of IHD. Dahl et al have demonstrated that AAT-deficient individuals have lower blood pressure than the Danish general population.[@CIT0008] As hypertension is a major risk factor for both CVD and IHD, a lower level of blood pressure in AAT-deficient individuals than in the general population might reduce the risk of developing CVD and IHD.

Data on 2645 COSYCONET patients (the German COPD and SYstemic consequences-COmorbidities NETwork) have also shown a significantly lower prevalence of cardiovascular comorbidities in AAT-deficient patients with COPD than in non-AATD COPD patients.[@CIT0009] However, this study included only 139 patients with AATD and COPD, and 110 (79%) of them were on AAT augmentation therapy. Furthermore, the information on AATD, medication, and laboratory measurement of the serum AAT concentration was self-reported, while the genotyping data for the SERPINA1 gene were not available for the majority of the patients. In our study, the number of participants was more than tenfold higher, Pi phenotyping was available in all PiZZ subjects, and none of the participants was being treated with augmentation therapy.

In the retrospective, longitudinal, observational study, Greulich analyzed data on 4 million insurants in Germany. ICD-10 codes were used to assess the prevalence of comorbidities in AAT-deficient patients with COPD compared to non-AAT-deficient patients with COPD.[@CIT0024] The author found that ischemic heart disease was less frequent in the AATD group, while hypertension and diabetes were more frequent in AAT-deficient patients. This study included both homozygous and heterozygous AATD.

On the other hand, some studies on AATD and cardiovascular diseases have reported conflicting results.[@CIT0010]--[@CIT0013] Vizzardi et al have observed that individuals with AATD, examined by echocardiography, had larger aortic diameters, greater aortic stiffness and less aortic distensibility compared with healthy controls matched for age, gender and body mass index.[@CIT0011] An abnormal stiffness of the abdominal aortic wall due to a reduction of elastic fibers and a significant reduction of AAT in the vascular wall in the case of an acutely dissected ascending aorta in humans has been reported by Schachner et al.[@CIT0012] Duckers et al have reported increased aortic stiffness in a small group of PiZZ individuals with COPD in comparison with age- and gender-matched controls with normal lung function, indicating an increased risk of developing cardiovascular disease.[@CIT0013] No patients with usual COPD (without AATD) were included in the study, and it therefore remains unclear whether the increased aortic stiffness was related to AATD or COPD per se. However, all these studies have included only small, and thus selected, samples of individuals with AATD.

In general, it has been well recognized that patients with COPD have an increased risk of cardiovascular diseases.[@CIT0016],[@CIT0025] This association has been explained by common risk factors, most notably smoking.[@CIT0025],[@CIT0026] We also found that in the PiZZ individuals, COPD was an independent risk factor for developing IHD both in PiZZ subjects and in controls. However, smoking was an independent risk factor for developing IHD only in the controls, not in the PiZZ subjects, which is difficult to explain. It is possible that the smoking burden was lower in the AAT-deficient subjects than in the controls. At inclusion (baseline), the proportion of current smokers was lower among the PiZZ individuals than among the controls. Furthermore, most PiZZ individuals stop smoking immediately after having been diagnosed with severe AAT deficiency. Thus, their total smoking burden might be lower than that of the controls.

A strength of our study is the long follow-up time of up to 23 years, and the opportunity to compare the risk of IHD between PiZZ individuals and a random sample of subjects from the general population with known smoking habits. The PiZZ phenotype was confirmed by Pi phenotyping in all AAT-deficient individuals at a central, certified laboratory. Because the laboratory reports the personal data of all diagnosed PiZZ subjects to the AATD register, more than 95% of all adult PiZZ individuals in Sweden are included in the register. As the prevalence of the PiZZ phenotype is 1/1600 in Sweden, about 25% of all adult PiZZ individuals are included in the register. The Swedish personal identification number offers a unique opportunity to study the risk of disease in individuals with AATD by cross-linkage between data from all Swedish registers with no patient lost to follow-up.

There are also some limitations in our study. First, the controls were not recruited specifically for this study. They were taken from a separate study of a random population sample in the northern part of Sweden, whereas the PiZZ subjects in the AAT deficiency register were recruited nationwide. Secondly, the PiZZ subjects included in the AAT deficiency register do not represent a random sample of PiZZ subjects in Sweden, even if a high proportion of them, 24%, were identified by screening. The third limitation is the fact that the Swedish National Patient Register (SNPR) includes only the diagnoses that are reported for in- and out-patients at hospitals. The diagnoses made at the clinics of general practices are not reported to the SNPR system. Thus, diagnoses of COPD, hypertension, diabetes, hyperlipidemia that do not need investigations by a specialist at a hospital are not included in the analyses. As an example, the diagnosis of COPD might be underestimated in the controls compared with the PiZZ individuals, because the majority of the PiZZ individuals are referred, treated and followed-up by chest physicians or specialists in internal medicine at hospitals. Fourth, we did not have any information on the period of smoking in the control subjects, and we were therefore not able to define the number of pack-years, which is needed to assess the total smoking burden. Probably, the AAT-deficient subjects had a lower smoking burden than the controls measured as the mean number of pack-years, because most of these subjects stopped smoking directly after they had received the diagnosis of AAT deficiency. Fifth, our analyses lack data on medication, which may be useful to increase the capture of risk factors such as hypertension and diabetes in the analysis.

In conclusion, our results indicate that AAT-deficient individuals have a lower risk of developing incident ischemic heart disease than the controls with known smoking habits randomly identified from the general population. The Z mutation of the AAT molecule may provide protection against ischemic heart disease. Further prospective studies on the risk of IHD in AAT-deficient individuals are needed.
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[^1]: **Abbreviation:** PiZZ, individuals with severe alpha 1-antitrypsin deficiency.

[^2]: **Note:** Diagnoses were based on ICD 9 and 10 codes. Data presented as frequency (percentage).

    **Abbreviation:** PiZZ, individuals with severe alpha 1-antitrypsin deficiency.

[^3]: **Abbreviations:** PiZZ, severe alpha 1-antitrypsin deficiency; HR, hazard ratio; CI, confidence interval.

[^4]: **Abbreviations:** PiZZ, severe alpha 1-antitrypsin deficiency; HR, hazard ratio; CI, confidence interval.
